The E6 and E7 genes of HPV-16 or HPV-18 both are necessary for effective immortalization of primary human genital keratinocytes. To analyse the individual role of E6 and E7 genes in dysregulating cell growth, we cloned the HPV-16 E6, E7 and E6/E7 genes into retroviruses. Primary human keratinocytes (PHK) were then infected with these retroviruses and selected in differentiation-inducing medium (high calcium and serum). The E6/E7 retroviruses were the most effective at inducing differentiation-resistant colonies. Intermediate numbers of colonies were induced by E6 and low numbers by E7. Interestingly, only cultures infected with E7 and E6/E7 retroviruses showed a significant proportion of cells progressing into the S phase, consistent with our earlier studies showing that E7 is required for the efficient immortalization of genital keratinocytes. Accompanying this entry into S phase, the E7 or E6/E7 transduced cells expressed high levels of cyclins A, B and E, but lower levels of cyclin D. In addition, cdc-2, cdk-2 and cdk-4 were also increased. No significant differences were detected in the expression of c-myc and c-fos between the vector and any of the transduced cells. Keratinocytes infected with the E7 retrovirus exhibited decreased levels of Rb protein and increased levels of p53, whereas cells infected with E6-expressing retroviruses displayed normal levels of Rb protein and decreased levels of p53. Finally, E7 induced a three-fold increase in bcl-2 expression. Our results indicate that the HPV-16 E7 gene alone is sufficient to bypass keratinoctye growth arrest induced by serum and calcium exposure and that the discordant expression of several cell regulatory proteins accompanies this unregulated proliferation.
Introduction
Co-operation between the E6 and E7 genes of 'high risk' human papillomaviruses (HPV-16 and HPV-18) is necessary for the efficient immortalization of primary human genital keratinocytes (1) (2) (3) . Employing a keratinocyte differentiationresistance assay, we recently showed that HPV-16 E6 transfected cells, similar to cells transfected with E6/E7, formed differentiation-resistant colonies. However, the E6-expressing colonies ceased growth after passaging, while the E6/E7 expressing colonies showed prolonged growth potential and established into cell lines (4) . The E7 gene of HPV-16 and 18 *Abbreviations: FBS, fetal bovine serum; HPV, human papillomavirus; HUC, human uroepithelial cells; MEC, mammary epithelial cell.
is sufficient for the transformation of immortalized rodent fibroblasts (5-7) and can inefficiently immortalize primary human foreskin keratinocytes when transduced into cells by retrovirus-mediated gene transfer (8) . However, the biological activity of the E6 and E7 genes is cell type-dependent. For example, HPV-16 E6 and E7 genes induce immortalization of distinct human mammary epithelial cell (MEC*) types. E7 alone is capable of immortalizing a specific subset of MECs present only in early-passage cultures, whereas the E6 gene induces immortalization of late-passage derived MECs (9, 10) . In addition, the HPV-16 E6 and E7 genes also appear to induce different phenotypes in human uroepithelial cells (HUC). HUC cells immortalized by E6 show high genome instability and contain numerous random chromosome aberrations, whereas E7 immortalized HUC cells exhibit minimal genotypic alterations (11) .
The transforming ability of both E6 and E7 of the 'high risk' HPV types is apparently related to their capacity to form complexes with and perturb the function of cell growth regulating proteins, especially the cellular tumor suppresser proteins p53 and pRb (12, 13) . The interaction between E6 protein and p53 results in the rapid degradation of p53 protein through a ubiquitin-dependent proteolysis (14) . The removal or inactivation of p53 by E6 is associated with an inability to undergo G1 arrest in the presence of damaged DNA (15) , thereby decreasing the fidelity of mitotic cell division and enhancing the frequency of genomic rearrangements (11) . In addition to p53, E6 has been shown to interact with a cellular calcium binding protein (16) , paxcillin (17) , and clathrin adaptor complex AP-1 (18) . The E7 protein preferentially binds to underphosphorylated pRb and facilitates its dissociation from E2F, consequently promoting G1 to S phase transition in the cell cycle (19, 20) . The HPV-16 E7 protein has been shown to complex also with the pRb-related proteins p130, p107 and to associate with a histone H1 kinase (21, 22) . In addition, E7 interacts with cyclin A/cdk2 (23) suggesting that E7 may alter the commitment of cells to enter S-phase or the function of cyclin A in mitosis.
Previously, we have demonstrated that HPV-immortalized human keratinocytes over-expressed cyclin A, cyclin B and cdc2 (24) . Further experiments showed that the expression of cyclin A, cyclin B, cdc2, p53, c-myc and bcl-2 was differentially modulated during successive passaging of human keratinocytes following HPV-18 E6/E7 transfection (25) . Degradation of p53 and stimulation of the synthesis of cell cycle proteins occurred early after E6/E7 transfection, whereas changes in bcl-2 and c-myc appeared progressively with increased passage number (25) . To precisely determine the individual effects of the E6 and E7 genes on keratinocyte growth, we cloned the HPV-16 E6, E7 and E6 plus E7 genes into retroviruses. Primary human genital keratinocytes were infected with retroviruses expressing either E6, E7 or E6/E7, and evaluated for their ability to proliferate in the presence of serum and calcium, inducers of terminal differentiation. We show here that the E6 and E7 genes induce unique keratinocyte phenotypes with respect to the expression of several growth regulatory proteins.
Materials and methods
Generation of retroviruses producing HPV-16 E6, E7 and E6/E7 genes In order to effectively introduce viral oncogenes into human keratinocytes, we cloned the HPV-16 E6, E7 and E6/E7 genes into retroviruses. Amphotropic retroviruses expressing HPV-16 E6, E7 and E6/E7 genes were generated according to established procedures using the LXSN vector (26) . The individual E6 or E7 genes were cleaved from JS55 vector (27) and inserted into LXSN vectors as previously described (4) .
The LXSN plasmid DNAs were first transfected into the ecotropic retrovirus packaging cell line GPϩE86 using the calcium phosphate precipitation procedure. Stable amphotropic retrovirus packaging PA317 cell lines were then generated by infection with virus supernatant harvested from the GPϩE86 cells and polybrene (8 µg/ml). The infected PA317 cells were selected in G418 (800 µg/ml). The G418-resistant colonies were picked using cloning rings and assayed for virus titration. The virus-producing cells were fed with DMEM supplemented with 10% fetal bovine serum (FBS) and the supernatant was collected from overnight cultures when the cells were 80% confluent. Stable PA317 cell lines produced supernatants with titers of Ͼ5ϫ10 5 which were aliquoted and stored at -70°C.
Cell culture and retrovirus infection
Human newborn foreskin keratinocytes were isolated by trypsinization as described previously (28) . The isolated cells were plated into flasks with radiation-treated J2 3T3 feeder cells and fed with a serum-free, low calcium (0.15 mM) keratinocyte-SFM medium containing 10 ng/ml EGF and 50 ng/ml bovine pituitary extract (K-SFM; Gibco BRL). The cells were fed twice a week until confluent, then subcultured into 75 cm flasks or 10 cm dishes without a feeder layer. At 80% confluency, the medium was removed and 2 ml of virus stock medium containing 10 µg/ml polybrene was added to each flask. Flasks were placed on a rocker with gentle constant rocking in an incubator for 2 h. Then 10 ml K-SFM were added to each flask and incubated overnight. The medium was changed the next morning. When the cells became confluent, they were subcultured once (1:2) in K-SFM and used for experiments.
Estimation of the biological activity of HPV-16 E6, E7 and E6/E72 genes
The transforming activities of the E6, E7 and E6/E7 genes were evaluated by differentiation-resistant colony formation (28) . In brief, after infection with the indicated retroviruses, the keratinocytes were grown in the low calcium and serum medium (K-SFM) until near confluency. The medium was switched from K-SFM to Dulbecco's modified Eagles medium (DMEM, containing 2 mM calcium) supplemented with 10% fetal bovine serum (FBS) and 1 µg/ml hydrocortisone. Normal keratinocytes exposed to the high serum/ calcium containing medium undergo terminal differentiation and stratification. The transformed cells, however, bypass the calcium/serum-induced differentiation signals and continue to proliferate. The non-stratified proliferating cells form translucent colonies among the stratified differentiated keratinocytes.
After 3 weeks selection, the keratinocytes infected with E6, E7 and E6/E7 genes were compared for the efficiency of differentiation-resistant colony formation, as well as extended life-span. One flask each of LXSN, E6, E7 and E6/E7 transfected keratinocytes was stained with 0.2% methylene blue/ methanol for photography. Another flask of cells was split into three portions. One-third of the cells were passaged into a new 75 cm flask and fed with an enriched '3ϩ1' medium which contains 3 parts K-SFM and 1 part DMEM (with 10% FBS); one-third of the cells were pelleted and stored at -70°C for protein analysis; the remaining one third of the cells were subjected to Flow Cytometric DNA analysis.
Fluorescence activated cell sorter (FACS) analysis
The preparation of cell nuclei for flow cytometric DNA analysis was performed according to the method of Vindelov et al. (29) . Briefly, cells were harvested by trypsinization and 1ϫ10 6 cells were suspended in 100 µl of citrate/DMSO buffer (250 mM sucrose, 40 mM trisodium citrate-2H 2 O, 5% DMSO, pH 7.6). The cell samples could be stored long term at -80°C. For FACS analysis, the cell samples were rapidly thawed in a 37°C water bath and then treated with trypsin/spermine solution. After treatment with trypsin inhibitor/Ribonuclease A solution and staining with propidium iodide, cell samples were analysed with a BD FACS flow cytometer. The percentages of cells within the G1, S and G2/M phases of the cell cycle were analysed using a ModFit software (Verity Software, USA).
Western blotting detection of protein abundance
To detect the expression of several growth regulating proteins, cell pellets of the transduced keratinocytes were lysed in modified RIPA buffer (20 mM 1482 MOPS, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% deoxycholate and 0.1% SDS) containing protease inhibitors of 1 µg/ml leupeptin, 1 µg/ml aprotinin (Boehringer Mannheim, USA) and 0.5 mM phenylmethylsulfonyl fluoride (PMSF; Sigma, St Louis, MO). The protein concentration in the lysate was quantified with a Bio-Rad Protein Assay and 100 µg protein/well was run on PAGE gels. The proteins were electro-transferred to Immobilon-P membrane (Millipore, USA). The membrane was cut in 2-3 strips according to the anticipated molecular weight of the proteins being detected, and reacted with the corresponding antibodies overnight at 4°C. The following antibodies were used: mouse monoclonal or rabbit polyclonal antibodies against human cyclin B (Ab-2), p34 cdc2 (Ab-1) and p53 (Ab-6) (Oncogene Science, NY), pRb, cyclin A, cyclin D, cyclin E, cdk2 and cdk4 (UBI), p16, p27 and c-Fos (Santa Cruz, Santa Cruz, CA), p21 (Pharmingen, CA), c-myc (American Type Culture Collection, VA), Bcl-2 (Dako, USA), and involucrin (a kind gift of Dr F.Watt, ICRF, London). Immunological detection was performed with the WesternLight Chemiluminescent detection system (Tropix, MA). All experiments were repeated at least twice.
Results

Biological activity of the HPV-16 E6, E7 and E6/E7 genes
The ability of the HPV-16 E6 and E7 genes to induce differentiation-resistant keratinocyte colonies was compared. After 3 weeks' selection in differentiation-inducing medium, keratinocytes infected with the LXSN vector, E6, E7 and E6/ E7 expressing retrovirues were examined by microscopy and by methylene blue staining ( Figure 1 ). As anticipated, there were no colonies observable in the LXSN/retrovirus-infected control flasks, whereas a large number of differentiationresistant colonies were formed in the keratinocytes infected with the retrovirus expressing the E6/E7 genes. Transduction of the E6 or E7 gene alone also induced differentiationresistant colony formation, but with much less efficiency than the E6/E7 retrovirus infection. In addition, more proliferating cell colonies appeared in the E6 transduced keratinocytes than in those transduced with the E7 gene. These results are consistent with earlier transfection studies utilizing the weak actin promoter in which only the E6/E7 plasmid DNA (and not the E6 or E7 DNAs) could induce differentiation-resistant colonies (2). In later studies when the E6 and E7 genes were expressed from the stronger SV40 promoter, the E6 oncoprotein was also shown capable of inducing differentiation-resistant colonies (4) . Finally, in the current study, when high efficiency transfer of the E6 and E7 genes is accomplished with retroviruses, it is clear that both E6 and E7 genes can induce colonies, although the former is more effective.
The life-span of the E6, E7 and E6/E7 transduced cultures was estimated by continuous passaging in '3ϩ1' medium. The E6/E7 infected keratinocytes acquired the highest proliferating capability. They grew rapidly, could be subcultured at low cell density, and eventually became immortal. The E6 could not immortalize genital keratinocytes. The E6-infected keratinocytes although forming numerous proliferating cell colonies, had a shorter life-span. Keratinocytes transduced with the E7 gene grew more slowly than those with the E6/E7 genes and their growth appeared to be density-dependent (subcultured at 1:2-3 each time). Nevertheless, the E7 transduced keratinocytes showed an extended life-span. In two separate experiments, two E7 keratinocyte cell strains have been passaged for Ͼ20 times (~60 population doublings).
Cell cycle profiles of HPV-16 E6, E7 and E6/E7 infected keratinocytes
After selection in differentiation-inducing medium for 3 weeks, the different keratinocyte strains were analysed by flow cytometry. As shown in Table I , FACS analysis revealed that the LXSN control and E6 infected keratinocytes had a large Fig. 1 . Differentiation-resistant colony formation assay. Primary human keratinocytes were infected with the retroviruses encoding the E6, E7 and E6/E7 genes of HPV-16 or the empty LXSN vector. Cultures were then selected in differentiation-inducing medium for 3 weeks after which they were stained with 0.2% methylene blue/methanol. Differentiation-resistant cells appear as non-stratified, translucent colonies among the non-transduced, differentiated keratinocytes.
proportion of cells in G1 phase and correspondingly few cells in S phase. On the other hand, keratinocytes transduced with either the E7 or E6/E7 genes showed a substantial proportion in the S phase (3-to 4-fold increase).
Early changes in the expression of cell growth regulatory genes following HPV gene transduction Keratinocytes transduced with the HPV-16 E6, E7 and E6/E7
genes were also examined for the expression of both G1-S and G2-M cell cycle regulatory proteins after selection in differentiation-inducing medium for 3 weeks. Changes in the levels of cell cycle proteins. While the level of cyclin D was slightly increased in the HPV-16 E6 geneinfected keratinocyte cultures, there was a remarkable decrease in the E7 and E6/E7 cultures (Figure 2 ). Cyclins A, B and E on the other hand, showed a sharp rise in the E7 and E6/E7 cultures, but not in cultures expressing only E6. In addition, the levels of the cyclin-dependent kinases cdc2, cdk2 and cdk4 were also elevated in the E7 and E6/E7, but not in the E6 cultures. The high levels of cyclins and cyclin-dependent kinases remained relatively constant in the passaged E7 and E6/E7 transfected keratinocytes. Changes in negative regulators of the cell cycle. We also examined the expression of p53 and Rb tumor suppresser proteins, which were previously shown to interact with E6 and E7, respectively. The abundance of p53 protein was reduced in colonies expressing either the E6 or E6/E7 genes, but increased in the E7 colonies (Figure 3) . Rb protein levels, on the contrary, were decreased in keratinocytes expressing the E7 gene, but not in keratinocytes expressing the E6 gene.
Recent studies have identified several cyclin-dependent kinase inhibitor proteins (CKIs) which play important roles in cell cycle regulation (30, 31) . Three of the G1 phase CKIs, p16, p21 and p27, were examined at early times in the HPV-16 E6, E7, and E6/E7 transduced keratinocytes (Figure 3 ). Keratinocytes infected with any of the designated retroviruses showed similar levels of p16 and p27 proteins. Changes in p21 protein paralleled those of p53 showing; p21 was decreased in E6-transduced keratinocytes, but increased in E7-transduced keratinocytes. However, the E6/E7 cultures, which contained low levels of p53, had p21 protein levels similar to those of E7 cultures. The expression of negative regulatory proteins of the cell cycle was also examined at later cell passages. Levels of p16 were elevated in E7 and E6/E7 expressing cells, whereas p21 was decreased in the E6/E7-infected keratinocytes in line with the low level of p53. The amount of p53 protein was increased two-fold in passaged E7-expressing keratinocytes (Figure 4 ). This finding is consistent with the results of Demers et al. who also described elevated wild-type p53 protein levels in Fig. 3 . Alterations in expression of the negative growth regulatory proteins. Keratinocytes transduced with the indicated retroviruses were lysed in RIPA buffer as described in Figure 2 and 100 µg protein aliquots were separated by SDS-PAGE. The proteins were blotted onto Immobilon-P membrane (Millipore), reacted with corresponding antibodies, and visualized by chemiluminescence. Fig. 4 . p53 and CKI protein expression in passaged cells. The abundance of p53 and CKIs (p16, p21 and p27) was further examined (as in Figure 3 ) in passaged keratinocytes after infection with HPV-16 E6, E7 and E6/E7 retroviruses. The passage numbers are indicated.
human keratinocytes transfected by HPV-16 E7 (32). The mechanism of E7-induced p53 elevation has not yet been clearly defined. The status of the proteins related to cell proliferation and differentiation. The expression of several of the cell proliferation/differentiation-related genes was also examined in HPV-16 oncogene transduced keratinocytes. c-myc and c-fos are 'immediate early genes' in the response to growth stimulating signals and are important positive regulators of cell proliferation. After infection with the different retroviruses and selection for 3 weeks, the keratinocytes displayed similar levels of c-myc and c-fos proteins ( Figure 5 ). The cells also showed a similar state of terminal differentiation, as judged by the expression of involucrin, a cornified envelope protein of keratinocytes (33) . Interestingly, the level of the bcl-2 protein was significantly higher (2.5-to 3.0-fold) in E7 and E6/E7 cells than in control cells. The expression of bcl-2 is correlated with a proliferative cell phenotype and appears to inhibit differentiated cells from undergoing apoptosis (34) . Our previous studies indicated that bcl-2 was increased in HPV18 E6/ E7-transfected human keratinocytes (25) . Data from this study demonstrate that elevated bcl-2 expression is due primarily to the effect of HPV16 E7.
Discussion
In previous studies, elevated expression of cyclin A, cyclin B and cdc2 was detected in primary human keratinocytes immediately after infection with a retrovirus expressing both the HPV-18 E6, E7 and E6/E7 genes, and prior to selection in differentiation medium (25) . This study evaluated the independent roles of the E6, E7 and E6/E7 genes in altering the expression of both G1-S and G2-M cell cycle regulatory proteins in human keratinocytes after selection in differentiation-inducing medium.
As described previously, the combination of E6 and E7 genes is the most effective method for inducing differentiationresistant keratinocytes and for the immortalization of genital keratinocytes. The second most efficient retrovirus was the E6 retrovirus and the least efficient was the E7 retrovirus. This hierarchy is consistent with earlier DNA transfection studies utilizing both weak and strong viral promoters (2,4). Although the E6-transduced keratinocytes formed more proliferating colonies than those infected with E7, they had a limited life-span and underwent senescence; cell lines were never generated. The inability of E6 to immortalize human keratinocytes may be the result of its failure to induce cell growth. Evidently, the degradation of p53 by E6 appears insufficient for promoting continued cell cycle progression in the presence of inducers of terminal differentiation. These results are in agreement with a recent study showing the ability of E7, but not E6, to bypass the quiescence of primary human keratinocytes present in the superbasal layers of organotyping raft cultures (35) . In contrast, keratinocytes transduced with HPV-16 E7 gene grew in medium with calcium and serum and showed expression of cyclins A, B and E, as well as cyclin-dependent kinases cdk2, cdk4 and cdc2. Discordant expression of these cell cycle proteins under conditions favoring terminal differentiation correlates with the escape from growth arrest signals.
The expression of the above cell cycle proteins could be the direct or indirect consequences of the E7 protein. The HPV-16 E7 protein has been shown to be able to complex with cyclin A/cdk2 (23) , which may alter the commitment of cells to enter S-phase or mitosis. Recently, E7 was also found to complex with a single form of cyclin E (36). Both E7/ cyclin E and E7/cyclin A complexes exhibit kinase activity through cdk2 proteins which contribute to phosphorylation of p107. In addition, recent evidence demonstrates that the E7 oncoprotein of HPV-16 physically associates with p27 KIP1 (37) . The E7 oncoprotein abrogates the ability of p27 KIP1 to inhibit cyclin E/cdk2 kinase activity in vitro, suggesting that E7 might act by releasing cyclin E/cdk2 kinase from negative control and facilitating activation of cyclin E associated kinase, resulting in the activation of E2F-1 gene expression (37) .
Inactivation of pRb by DNA tumor virus oncoproteins appears to play an important role in cell transformation. One of the consequences of E7 binding to the Rb family of proteins is an increase in activated form of the E2F family of transcription factors (19) . E7 expression in PHK caused a dramatic reduction of pRb levels. It is possible that due to this reduction, the E7-expressing cells could bypass the growth arrest signals imposed by serum and calcium. A decrease in the steady state levels of pRb in the presence of HPV16 E7 has been also noted in immortalized mammary epithelial cells (10) , uroepithelial cells (38) , human fibroblasts (39), human colon carcinomas (RKO), and primary keratinocytes (40) . E7-expressing keratinocytes also exhibited a reduced level of cyclin D protein. The cyclin D-cdk4 complexes have been shown to phosphorylate and inactivate pRb in late G1 phase whereas pRb positively regulates the expression of cyclin D by a feed-back loop mechanism (41) . The expression of cyclin D is specifically down regulated in SV40 large T, adenovirus E1A and HPV E6/E7 transformed cell lines, indicating that the DNA tumor virus oncoproteins can eliminate the requirement for functional cyclin D in G1 phase progression (42) .
High levels of p53 and p21 proteins were expressed in the HPV-16 E7 transduced keratinocytes. P53 is an important negative regulator of cell cycle checkpoints and plays a fundamental role in guarding cellular genome integrity. The transcription of p21 is positively regulated by p53 and appears to be essential to the p53-mediated G1 arrest of the cell cycle in response to DNA damage (43) . The p21 targets a wide variety of cyclin-cdk complexes, including cyclin D-cdk4, cyclin E-cdk2, and cyclin A-cdk2 (44) . Keratinocytes transduced with only the E7 gene formed fewer proliferating cell colonies and grew more slowly than those with both E6/E7. This may be due to the E7-induced increase of p53 and p21 proteins and the consequent reduction of cell proliferation. The increased levels of p53 and p21 in the E7-expressing keratinocytes also correlates with the increased sensitivity of these cells to spontaneous and induced apoptosis (unpublished results). Nevertheless, the E7 oncoprotein of high-risk HPV's has multiple capabilities to interact with cell growth regulatory proteins and provide cells with enhanced growth potential. For example, two recent reports have described the ability of E7 to bind p21 and abrogate p21-mediated inhibition of cdk-2/ cyclin E activity (45, 46) . Thus, despite high levels of p21, E7-transduced cells continue to proliferate.
